Theoretical calculations have been performed for different possible hydrogen bonding complexes between adenine and hydrogen peroxide (AHP). The studied complexes (1-6) were cyclic ones showing two hydrogen bonds of different strength. All of the structures have been characterized at the B3LYP/6-31G(2d,p) and MP2(full)/6-31G(2d,p) levels, yielding only real frequencies (minima) at the B3LYP/6-31G(2d,p). The binding energies have been carried out for all of the structures, taking into account the so-called BSSE and yielding for the most stable structure 6 values of -11.53 and -11.95 kcal/mol at the B3LYP and MP2 levels, respectively. BSSE-free PES calculations were also performed for several complexes. The Bader analyses were also applied to investigate the hydrogen bonding electronic properties.
I. Introduction
Hydrogen peroxide (HP) has proven of considerable interest in many fields such as atmospheric chemistry, 1 photodissociation dynamics, 2 and oxidation reactions. 3 Also, HP is a byproduct of several metabolic pathways, giving significant quantities of HP detectable in the human blood. 4 HP generates highly reactive radicals by different mechanisms such as the Fenton reaction, the Haber-Weiss reaction, or reactions with ascorbic acid. 5 These free radicals may damage several molecules including DNA. Different modified DNA bases have been identified by treating mammalian cells with HP, 6 and it has been proven that the biological effect of HP is mediated by hydrogen bonded HP adducts, 7 which could be due to the enhanced HP stability by adduct formation. In addition, neutral HP adducts seem to cross the cell membrane, carrying extracellular HP to intracellular targets.
The above findings justify the interest of studying all HP‚‚‚DNA base adducts. In the literature, theoretical investigations on several adenine complexes were reported. 8, 9 Moreover, Serra 10 and co-workers experimentally determined the X-ray structure of the adenine‚‚‚HP adduct (AHP).
Theoretical methods, including DFT methods, [12] [13] [14] [15] [16] proved to be accurate enough in describing hydrogen bonding complexes. 11 Moreover, the accuracy of DFT results still has to be compared with other correlated methods. In this context Lozynski proposed B3LYP as the shortest way to MP2 results in hydrogen bonded systems. 17 The topology of electron density as described by Bader 18, 19 is an adequate tool in the hydrogenbonded species. 12, [20] [21] [22] Recently, the results of a number of studies, dealing with hydrogen peroxide complexes, have been published using the ab initio molecular orbital theory and paying particular attention to the basis set superposition error (BSSE) and its corrections by the counterpoise (CP) method 23, 24 to the interaction energies and to the vibrational spectra of the HP dimer, [25] [26] [27] HP‚‚‚ water, 20, 28 HP‚‚‚hydrogen halides, 21 and recently HP‚‚‚urea 12 complexes.
Until now, the CP correction has been done only at the uncorrected equilibrium geometry, except in complexes where only one intermolecular parameter was needed for the definition of the system. 29 However, a method for the calculation of the BSSE-free potential energy surface (PES) has been proposed recently by S. Simón, M. Duran, and J. J. Dannenberg. 30 In this context, BSSE-free PES investigations have been very recently performed. 31 In all of the complexes investigated by our group, the BSSE was corrected by the CP method 23,24 at the HF, MP2, or DFT level. The CP method is based on the assumption that the energy is minimized if the same basis set is used for the description of both the supermolecule and its fragments. Although the validity of this approach has been discussed for many years in the literature, 32, 33 recent calculations have shown that the CP method converges with other a priori procedures. Therefore, reliable results for intermolecular complexes can be obtained, 34 and its usefulness has been pointed out recently. 32, 33, 35 In this paper, we are going to expand our studies on hydrogen peroxide to the AHP complexes. The MP2 level has been used together with DFT method, whose utility for the description of the physical and chemical molecular properties, [36] [37] [38] [39] [40] [41] including hydrogen bond systems [13] [14] [15] [16] has been demonstrated. The goal of the present work is to characterize the different AHP complexes (to our knowledge, the first theoretical investigation) and to report the structures, interaction energies, vibrational analyses, and electronic properties of these systems. In addition, BSSE-free PES geometries have been obtained for several complexes.
II. Methods of Calculation
Calculations have been carried out with the Gaussian 94 and Gaussian 98 packages of programs 42, 43 at the B3LYP/6-31G(2d,p)//B3LYP/6-31G(2d,p) and MP2(full)/6-31G(2d,p)// MP2(full)/6-31G(2d,p) levels. The AHP complexes were fully optimized at both levels, without any symmetry constraint. A vibrational analysis was carried out in order to check the nature of the stationary points, and all of the structures 1-6 presented no imaginary frequencies (true minima) at the B3LYP/6-31G(2d,p)//B3LYP/6-31G(2d,p) level. The BSSE was estimated using the full counterpoise method 24 as it was previously described. 12, 20, 21, 25 The energy and gradients with respect to the geometrical parameters have been calculated for the complex, monomers, and monomers in the whole basis set (ghost orbitals) at every point using the Gaussian 98 package. 43 BSSE-free PESs have been constructed as shown in refs 30, 31. For the location of the minima geometries, Pulay's direct inversion in the iterative subspace (DIIS) 44 with BFGS 45 updating procedure for the inverse Hessian has been implemented. Initial guess for the inverse Hessian has proven to be essential for the optimization procedure. Uncorrected initial inverse Hessian has been obtained from HF/3-21G frequency calculations. The convergence criterion has been set to 10E -5 a.u. in the RMS of the gradient.
The Bader analyses have been performed with the AIMPAC series of programs 46 using the B3LYP wave function as input, as it was described in "Atoms in Molecules" Theory (AIM). 18, 19 A brief overview of the AIM terminology is explained elsewhere. 47, 48 
III. Results and Discussion
A. Molecular Structure and Hydrogen Bonding. The calculated structures 1-6 were cyclic with two hydrogen bonds (see Figure 1 ). For the different structures, one of the HP oxygens, N 1 , N 3 , and N 7 atoms behave as electron donors, while one of the HP hydrogen, H 5 , H 6 , and H 7 atoms of adenine behave as electron acceptors. In structures 1, 3, and 5, one of the HP hydroxyls participates in both hydrogen bonds, while in 2, 4, and 6, both HP hydroxyls participate in hydrogen bond formation, one with its hydrogen as electron acceptor and the other with its oxygen as electron donor.
The optimized geometrical parameters are listed in Tables 1  and 2 , in which the DFT and MP2 results were compared with the experimental structure related to 1. As reflected in Table 1 , the DFT and MP2 results for 1 were very similar and in good agreement with the experimental structure. In general, the geometrical parameters for the adenine moiety were mainly invariable within the different studied complexes. The main differences came in the HP geometry, especially the HP torsion angle; this angle in 1 remained the same as in the HP monomer equilibrium geometry. Small variations were found for 3 and 5. For these complexes ( 1, 3, and 5), only one HP hydroxyl participates in the hydrogen bond formation. Larger deviations (> 10°) appeared for 2, 4, and 6 in which both hydroxyls participated in the hydrogen bond formation.
All the structures 1-6 showed two hydrogen bonds with geometries that corresponded to a medium hydrogen bond strength, giving complexes with very similar energies (see Table  3 ). The hydrogen bond distances moved between 2.1 and 1.8 Å, and the angles ranged from 126°to 177°, but the hydrogen bond geometries were very similar for the different structures. The nature of the hydrogen bond was analyzed by studying the electron density topological behavior of the complexes. The numerical parameters for the different critical points in F(r) are listed in Table 4 , and the graphical contour plots of ∇ 2 F(r) are presented in Figure 2 . Table 4 summarizes F(r), ∇ 2 F(r), hydrogen bond lengths and angles for the bond critical points (BCPs), and the corresponding ring critical points (RCPs). In Figure 2 , detailed ∇ 2 F(r) contour plots on the hydrogen bonding plane are presented for complexes 1-6. The nature of the hydrogen bonded complexes is clearly cyclic, showing two BCPs corresponding to the two hydrogen bonds; in addition, an RCP was also present for each structure. The two hydrogen bond CPs, represented as a solid square in Figure 2 , were located in the positive ∇ 2 F(r) region, indicating the electrostatic type of interaction for both bonds. The numerical values were also in accordance (small F(r) values and positive ∇ 2 F(r) values). Two different hydrogen bonds were identified. One was formed between the HP hydroxyl and an adenine nitrogen atom (Hbond1), and the other is formed by an adenine N-H with the HP oxygen atom (Hbond2). The former hydrogen bonds were stronger than the latter ones, showing larger F(r) and ∇ 2 F(r) values in the CPs (see Table 4 , for F(r) values of ca. 0.04 and 0.025 e/a 0 3 for Hbond1 and Hbond2, respectively, and for ∇ 2 F(r) values ca. 0.1 and 0.06 e/a 0 5 , for Hbond1 and Hbond2, respectively). The hydrogen bond geometrical parameters yielded bond lengths smaller for the Hbond1 than for Hbond2 (ca. 1.8 Å or ca. 2.0 Å, respectively).
The importance of the optimization on the BSSE-free PESs, for the intermolecular complexes, has been pointed out recently, 30, 31 especially for systems with large BSSE. In this context, BSSE-free PES optimization 30 at the B3LYP/6-31G(2d,p) level was carried out for the minimum energy complexes 6 and 1 (of which experimental data are available) for comparison. The results are also summarized in Tables 1  and 2 . The BSSE-free PES geometrical parameters of HP and adenine within the complexes 1 and 6 remained almost unchanged as the uncorrected PES values. The main differences appeared in the intermolecular parameters (hydrogen bond lengths). Moreover, the O‚‚‚HN and OH‚‚‚N lengths became 0.05 Å longer, giving looser complexes and better agreement with the intermolecular experimental parameters for 1 (see Table  1 ). These results illustrate the importance of the BSSE-free PES calculations. The nature of the different stationary points obtained for 1-6 was tested with the frequency calculations, giving only real frequencies for all of the structures. The numerical results obtained at the B3LYP/6-31G(2d,p) level are presented in Table  SI -I (available as Supplementary Information), also including the adenine frequencies at the same level. Table 5 summarizes some interesting vibrational modes directly related to hydrogen bonds for the AHP complexes. The analysis of these modes let us characterize the different hydrogen bond for the complexes. The selected modes were the ν(O-H) (HP) and ν(N 9 -H), ν(N 10 -H) (adenine) stretchings. All of the AHP complexes used one hydroxyl hydrogen from the HP in the hydrogen bonds; this was clearly observed for the ν(O-H) (HP) modes. The ν(O 12 -H 2 ), for all of the complexes, was ca. 3765 cm -1 . However, a large red shift was observed for the ν(O 11 -H 1 ) (hydrogen bonded) mode of ca. 500 cm -1 .
Complexes 1-4 involved the NH 2 group at C 6 in the hydrogen bonding. Nevertheless, the N 9 -H bond participated only in complexes 5 and 6. Two stretchings were associated with the NH 2 group at C 6 , "symmetric" and "asymmetric" ones as was observed for the adenine monomer. A small red shift ca. 20 cm -1 was observed for the "asymmetric" mode. However, the "symmetric" one experienced a large red shift (> 100 cm -1 ), for complexes 1-4.
On the other hand, the ν(N 9 -H 5 ) remained unchanged for 1-4 in comparison with the adenine monomer. Complexes 5 and 6 showed a large red shift for this mode (> 100 cm -1 ). In addition, this red shift was higher for 6 (ca. 180 cm -1 ), illustrating the stronger hydrogen bond character for this complex. The corresponding "asymmetric" ν(NH 2 ) mode for 5 and 6 remained unchanged compared with adenine.
B. Binding Energy and BSSE. Table 3 shows the binding energy (corrected and uncorrected for the BSSE), the BSSE, the relative energy, and the dipole moment at the two levels of theory used. The corresponding BSSE-free PES values for 1 and 6 are also listed.
The B3LYP functional was chosen as a suitable method to describe different molecular properties, 49, 50 including hydrogen bonding. [12] [13] [14] [15] [16] The basis set chosen was the 6-31G(2d,p), which provided an appropriate description of the hydrogen peroxide geometry, together with the B3LYP functional. 12, 51 To test the quality of the results, we also performed the MP2(full)/6-31G(2d,p) calculations.
As shown in Table 3 , the results obtained at the DFT and MP2 levels agree with the resulting structure 6 as the global minimum. Moreover, the relative stability for all of the structures was within ca. a 2.0 kcal/mol range, and the ZPVE within ca. a 0.1 kcal/mol range (see Tables 3 and SI-I ). This energy range is easily released from the packing forces, in addition to the Complexes (1, 3, and 5) larger dipolar moments and the possibility of other additional hydrogen bonds from the neighboring complexes, yielding structure 1 as the experimental one. This had physiological relevance in DNA damage, because in nucleic acids the N 1 , N 9 , and H 7 sites are involved in the N-glycosidic linkage or Watson-Crick base pair, leaving only the N 7 and H 6 sites accessible for additional linkages. The study of the binding energy in the intermolecular complexes was affected by the so-called BSSE. This error increased in importance as the quality of the basis set decreased. From our previous studies of the hydrogen peroxide complexes, 12, 20, 21, 25 we concluded that the binding energy using the 6-31G(2d,p) basis has to be corrected for the BSSE, and especially for the electron correlation methods.
The BSSE, for structures 1-6, was estimated with the full counterpoise procedure defined as:
where E(X) XY and E(X) X represent the energy of X which is calculated using its geometry within the dimer and the basis functions of X plus Y in the former and those of X alone in the (Å and degrees) for the AHP Complexes (Structures 2, 4, and 6) 
latter. The full CP correction can be taken as an upper bound estimate of the BSSE and is known to work generally well at the SCF level, except when minimal basis sets were used. 25,52, 53 We have taken into account that the correction of the BSSE for the interaction energy should be performed at the BSSE corrected equilibrium geometry. This can be easily achieved in systems where only one intermolecular parameter was needed for the definition of the system. 29 However, when there are two or more intermolecular parameters, and when the relaxation of the monomers is pronounced, it is difficult and expensive to perform that correction. Therefore, energy correction at the uncorrected equilibrium geometry has been performed for 1-6. There are conflicting views 54,55 on whether one should implement BSSE correction at the correlated level. The use of the full counterpoise correction method for correlated methods is questionable, since in the calculation of the E(X) XY , and analogously E(Y) XY , excitations from occupied orbitals of X to the occupied orbitals of Y are allowed, and may lead to a spurious overcorrection. The occupied orbitals of Y are not accessible for electrons of X in the supermolecule calculation. Attempts to utilize only the virtual spaces of X and Y have led to discouraging results. 56 However, recently the BSSE correction at the correlated level has been performed to study the hydrogen bonding. 12, 14 The resulting values are presented in Table 3 , remaining in the same magnitude of order as the binding energy, corroborating the necessity of this correction.
All the complexes investigated yielded attractive corrected binding energies, with values of around -12.0 kcal/mol for the most stable structures (i.e., structure 6, see Table 3 ). This result was compatible with a medium strength contribution for a hydrogen bond.
As was previously stated, the intermolecular complex calculations should be done on the BSSE-free PES. In this work we have carried out such calculations for 1 and 6. The corrected binding energies obtained were similar to the uncorrected PES values (differences < 0.1 kcal/mol). Therefore, these BSSEfree PESs also yielded values which were similar to the uncorrected ones for the BSSE (see Table 3 ). All of the above agreed with the strength of the hydrogen bond for these complexes.
IV. Conclusions
Five new AHP cyclic complexes were characterized in addition to the experimental complex (structure 1) by the ab initio MP2 and DFT methods, and the results indicated that they were true minima stationary points.
The DFT methods showed good agreement in reproducing the geometrical parameters and the energetics compared to the MP2 and the experimental results. Moreover, the BSSE obtained with the DFT methods (ca. 3.5 kcal/mol) was smaller than the MP2 values; hence, the BSSE correction was required to obtain accurate binding energies. Bond Geometrical Parameters, Charge Density, G(r) , and the Laplacian of the Charge Density, ∇ 2 G(r) for the AHP Complexes ( 1-6) at the B3LYP/6-31G(2d,p)//B3LYP/6-31G(2d,p) a The atom numbering is depicted in Figure 1 . All of the theoretical results described the six complexes with values of the relative energy within ca. 2.0 kcal/mol range.
All of the stretching modes (ν(NH) and ν(OH)) involved in the hydrogen bonding formation experienced a large, red shift in comparison to adenine and HP monomers. BSSE-free PES calculations showed its importance in the intermolecular hydrogen bond description. However, the binding energies for the corrected and uncorrected BSSE-free PESs values were similar.
The existence of structure 1 in the solid state was explained by means of the packing forces, the larger dipolar moment, and the presence of additional hydrogen bonds, giving this structure possible physiological significance in DNA damage. 
